We describe an inexpensive in-home monitoring system designed to assist patients with traumatic brain injuries plan and execute daily activities. The system consists of fixed and wearable wireless sensors, including motion, pressure, door, flow, accelerometer, magnetometer, temperature, light and sound sensors. The sensors provide information that can be used to localize the patient, detect the activity they are engaged in and interruptions that may prevent them from completing the activity in a timely manner. During the system design and training phase, we augment the system with time stamped video and audio collection to provide a ground truth and label training data.
I. INTRODUCTION
S EVERAL intelligent remote subject monitoring systems have been developed in the past few years. Such systems utilize wireless and sensor technologies to monitor the health and daily activities of elderly people and individuals with various pathologies. They can provide early warning to medical specialists, record information that can help care providers pinpoint the cause of a health problem or assist patients suffering from a handicap conduct a near normal life.
Many designs for remote monitoring systems have been reported in the literature. Some systems record and analyze vital biological and physiological parameters such as ECG, EMG, and blood pressure for early diagnosis [1] . Others track the activities of the subject continuously using many sensors such as accelerometer, and EMG to provide feedback to both the medical specialists and user [2] , e.g., to speed up the recovery from injuries by evaluating the effects of the therapy.
In this paper we focus on a system that can assist patients with traumatic brain injuries execute daily activities in a home setting. In particular, the system is intended to help such patients plan their day and complete in a timely manner each of the tasks that they are supposed to perform in a given day. The system tracks the behavioral state and functional activity of the subject. Activities sub-activities, such as walking, sitting and standing. The system estimates the current status of an activity and issues reminders or instructions to help the patient complete the activity. In particular, the system monitors an interruption in an on-going activity, due perhaps to an external event such as a phone call, and plans a strategy to bring the patient back to the activity and help him or her complete it.
The paper describes the architecture of the system and its features, including the additional data acquisition capabilities required to train and design the system. A schematic diagram of our system is presented in Fig. 1 . As described below, the system consists of fixed wireless and wearable sensors that provide complementary information. In addition, the system incorporates audio and visual recording features that are used during the system development phase to annotate the data collected and provide a ground truth.
The paper is organized as follows. In Section 2 we provide details of our system. Section 3 provides a preliminary analysis of the data collected to date. Finally, Section 4 summarizes our future plans.
II. SYSTEM DESCRIPTION As mentioned above, our system consists of three sensor systems. The first sensor system is a collection of fixed wireless sensors deployed in a home environment. The second system relies on wearable sensors that provide data that complements that collected by the first system. Finally, the third system provides an audio and video log of all subject activities. It is used only during the system development phase to help annotate the reams of training data that is collected during that phase.
A. Fixed in Home Sensors Many technologies have been developed for in home health monitoring. Most of these technologies use static home sensors which are activated by the user. These include thermistors positioned under the bed to measure the body motion, infrared sensors to detect the presence of the subject in a specific location, magnetic sensor attached to appliances to detect their use, etc [3] . The use of such sensors gives strong clues about the location and events occurring involving the individual.
In our system, we elected to use the eNeighborTM system (eN) that was recently developed by RedWing Technologies [4] To get detailed information about the activity of the patient, we use wearable accelerometers and magnetometers installed on networked wireless embedded systems. We selected the MICAz mote module developed by Crossbow Technology Inc. [5] . Data transmission and reception on MICAz is handled by a Chipcon CC2420 radio chip, which is IEEE 802.15.4 compliant. It has 250kbps radio throughput rate. The onboard expansion slot enables the designer to interface several sensors to the microprocessor. In our system, we used the MTS-310 multisensor board to record movement and environmental parameters. The MTS 310 has an on board light sensors, temperature sensors, 2 axis accelerometer, 2 axis magnetometer and a microphone (c.f., Fig. 3 The MICAz mote communicates with the gateway (MIB510) using a wireless IEEE 802.15.4 link. The gateway transmits the received sensor readings to the PC through an RS-232 port. In the current system, the data communication rate is limited to 56 kbps. This is enough to transmit data from the sensors since the sensors outputs are sampled at the rate of 50 samples/sec.
On the PC side we developed another driver to capture the messages received through the serial port. We saved the sensor readings on a file with time stamps as in the previous case for further processing. The software interfaces for capturing the serial messages transmitted by eN and MIB5 10 can be developed several ways. We used ActiveX components which uses the MS windows application programming interface (WINAPI). Another option could be the Matlab serial line programming interface in order to bypass detailed windows programming. Monitoring the activities for labeling video and audio are often used to provide ground truth during the design and training of monitoring systems [7] . During the training phase, the recording of daily activity is done continuously over long periods of time.
To collect ground truth information in an unsupervised manner, we used a USB port compatible webcam and a headset microphone. We have interfaced the webcam with the PC by using the Image Acquisition Toolbox of Matlab (MathWorks Inc, Natick, MA) [8] . The toolbox enables one to connect and configure the video hardware, preview the video, and stream images directly into Matlab for analysis and visualization. While collecting data from the fixed and wearable sensors, the system automatically records a video of the patient activity at a very low frame rate of 6 fps. This low frame rate is adequate for the training data labeling task. Therefore, the frame rate of 6 fps is adequate for our application. The video frames are recorded in AVI format. Separately the time stamp of each frame is recorded in another file. A program was developed under Matlab to read the video and other sensor data. All data was synchronized by utilizing the time stamp information. By examining the video and speech we were able to label the sensor data.
III. RESULTS Fig. 4 shows our typical setup to collect the data. As can be seen from figures 4.a and 4.b, the accelerometer of the xBow MTS 310 sensor board captures daily activity patterns, such as walking, sitting down, standing up or standing still. Pattern identification is done during the training phase by checking the video recordings. Fig. 4 .b shows the frames corresponding to movement by the subject. The frames are automatically extracted using the time stamp information. In the right column, the typical in-home sensor setup and related sensor readings are given. These reading were recorded while the subject was performing a shaving task. He started by getting up from the bed and leaving the bedroom and then entered the bathroom to start shaving. The trajectory of the subject can be easily seen from the eN sensors. In addition to in home sensors we visualize the accelerometer and magnetometer readings. These sensors were attached to the right wrist. The data belongs to the segment where the subject is holding an electric shaver and shaving his face. We can clearly see the shaving patterns on the accelerometer sensor. If the system assumes that the patient is facing the mirror in the bathroom while shaving, it can use data from the magnetometer to observe the direction of hand movements. Of course, these estimates will be incorrect if the patient moves around the bathroom while shaving. 
